Effective doctor-patient communication is critical for disease management, especially when considering genetic information. We studied patient-provider communications after implementing a point-of-care pharmacogenomic results delivery system to understand whether pharmacogenomic results are discussed and whether medication recall is impacted. Outpatients undergoing preemptive pharmacogenomic testing (cases), non-genotyped controls, and study providers were surveyed from October 2012-May 2017. Patient responses were compared between visits where pharmacogenomic results guided prescribing versus visits where pharmacogenomics did not guide prescribing. Provider knowledge of pharmacogenomics, before and during study participation, was also analyzed. Both providers and case patients frequently reported discussions of genetic results after visits where pharmacogenomic information guided prescribing. Importantly, medication changes from visits where pharmacogenomics influenced prescribing were more often recalled than nonpharmacogenomic guided medication changes (OR = 3.3 [1.6-6.7], p = 0.001). Case patients who had separate visits where pharmacogenomics did and did not, respectively, influence prescribing more often remembered medication changes from visits where genomic-based guidance was used (OR = 3.4 [1.2-9.3], p = 0.02). Providers also displayed dramatic increases in personal genomic understanding through program participation (94% felt at least somewhat informed about pharmacogenomics post-participation, compared to 61% at baseline, p = 0.04). Using genomic information during prescribing increases patient-provider communications, patient medication recall, and provider understanding of genomics, important ancillary benefits to clinical use of pharmacogenomics.
Introduction
Effective doctor-patient communication is critical for medical management. Successful communication between healthcare providers and patients may facilitate comprehension of information, improve patient satisfaction, and increase likelihood that patients will follow medical advice [1] [2] [3] [4] [5] . Poor doctor-patient communication, however, can be perceived by patients even when providers report adequate communication [5] [6] [7] [8] . Suboptimal discussions surrounding prescription medications are often cited as an area of concern, with studies suggesting that providers should explain prescribing rationales [9] [10] [11] .
Pharmacogenomics, the study of how genes impact drug response, is a key component of precision medicine. As pharmacogenomic results become increasingly available at the point-of-care, it is important to assess patient-provider communications and implications of results delivery, as these considerations will affect widespread adoption [12] [13] [14] . A limited amount of research has suggested that pharmacogenomic results may positively influence doctor-patient communications [15, 16] . Feelings of shared decision-making between patient and provider in the context of pharmacogenomic results may also positively impact prescribing communications [15] . Patients may obtain a better understanding of prescribing rationale, potentially even impacting medication adherence [17] [18] [19] [20] .
To our knowledge, no study, to date, has directly assessed patient-provider communications surrounding prescribing when pharmacogenomic results were available. To understand details of patient-provider prescribing communications in the context of pharmacogenomic results availability, we utilized our institutional pharmacogenomics implementation program, for which we previously reported successful and robust adoption of pharmacogenomic results among providers and a positive impact on prescribing in a pattern aimed at reducing patient risk [21] . We hypothesized that such availability of pharmacogenomic results would facilitate memorable discussions surrounding medication decisions, positively impacting patient medication recommendation recall.
Subjects and methods

Study design
Preemptive genotyping was offered to case patients through the 1200 Patients Project, with return of results to enrolled study providers at the point-of-care using our pharmacogenomic decision-support software, the Genomic Prescribing System (GPS) [22] [23] [24] [25] . Non-genotyped controls were recruited from the same clinics. Enrollment continued for the overall 1200 Patients Project cohort until each provider's roster was saturated, or until~70-100 case patients were genotyped and~70-100 controls were recruited from each participating provider's clinic. This sample size was justified based on power estimations for the primary endpoint (previously published) [21] . As previously described [22] , cases and controls were subject to the same eligibility criteria. Our prior analyses have shown the cases and controls of the overall cohort to be similar, as no differences were observed between the groups regarding gender, age, and race [12] . Patients were included in the present study if a survey had been returned for a clinic visit where a medication change took place. All medication change visits were systematically evaluated, including detailed review of electronic medical record decision-making documentation. A formal evaluation process (previously described [12] ) was applied to determine whether pharmacogenomic information influenced each medication change (see details in Supplementary Methods). Overall, survey responses of 245 case patients, 72 control patients, and 18 providers were analyzed in exploratory fashion. The study was approved by the University of Chicago Institutional Review Board and was registered at clinicaltrials.gov (#NCT01280825), and all participants signed written informed consent.
Survey instruments
To assess communication and understand decision-making, we utilized regularly administered surveys of patients and providers. Specific patient survey items surrounding medication change recall and discussions of pharmacogenomic results were studied. For each patient, case or control, who was determined to have at least one medication change at a clinic visit, a survey was distributed to the patient either in clinic after the visit, or by mail or email. The same survey was distributed to cases and controls. The provider repeated interval survey assessed provider attitudes toward, knowledge of, and overall use of pharmacogenomics and was distributed to all providers once before study participation and approximately every 3 months during the study period. The provider experience survey studied reasons why pharmacogenomic test results did or did not guide prescribing at individual visits. Additional details, along with the survey instruments, are available in the Supplementary Methods.
Analyses
Demographic statistics were compared between case and control patients using chi-square tests for categorical variables and t-tests for continuous variables. For the primary patient survey analysis, we sought to determine whether survey responses differed between cases and controls. To learn whether providers discussed individual prescribing factors, genetics/DNA, specific genetic test results, and a better prescribing decision due to genetic test results with case patients more often than controls, and whether medication change recall differed between the two groups, linear mixed-effects models were used that took into account two random effects: one for repeated surveys within a patient and another for intra-class correlations within providers. Results were reported as odds ratios (OR) [95% confidence interval (CI)], with p-values < 0.05 considered statistically significant.
For our secondary patient survey analysis, we aimed to study differences between visits where pharmacogenomic information guided prescribing and visits where such information did not influence medication changes. We first used linear mixed-effects models (described above) to assess whether there were differences between case patient visits with only non-pharmacogenomically-influenced medication changes and control visits. These two groups were then combined to form our "traditional medication change visits" group for subsequent analyses. Traditional medication change visits were then compared to all visits with a pharmacogenomically-influenced medication change.
To attempt to control for individual differences that may influence medication change recall, additional patient survey analyses were conducted. Specifically, we aimed to elucidate whether the use of pharmacogenomic information impacted medication change recall independent of any patient-specific, provider-specific, or visit-specific factors.
To do so, we studied case patients who had separate pharmacogenomically-influenced medication change and traditional medication change visits. We then compared medication change recall between the two types of visits using a linear mixed-effects model. We also looked at single case patient visits where both a pharmacogenomicallyinfluenced medication change and a traditional medication change took place and assessed medication recall rate for both types of medication changes. Finally, we studied whether or not there was a difference in recall of pharmacogenomically-influenced medication changes based on level of pharmacogenomic risk using Fisher's exact test.
For the repeated interval survey, responses from each provider's baseline questionnaire were compared to responses from each provider's most recently returned survey to directly assess change in knowledge/attitudes/ opinions within each provider. p-values were calculated using McNemar's test, and p < 0.05 was considered significant. For some questions on the experience survey, more than one answer could be selected. In these instances, the results were calculated based on how often each response was selected as a percentage of the surveys on which the question was answered.
Results
Participant demographics
All 18 invited providers agreed to study participation and represented primary care and subspecialty outpatient clinics.
Details of these providers' practices have been previously published [21] (one gastroenterology provider has since joined). Over half of participating providers were male (61%), and the average years in practice at baseline was 20 (range: . Study providers, on average, saw~9 patients per half-day clinic session (range: [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Patients were recruited from these providers' practices. Because enrollment into the genotyped (case) versus nongenotyped (control) cohort was non-randomized, demographics of case and control patients were compared ( Table 1 ). The only studied characteristic that differed between the groups was the average number of evaluable visits (2.8 visits for cases and 2.0 visits for controls [p = 0.0001], likely because control enrollment began 1.5 years after case enrollment).
On average, case patients had 1.46 medication changes per visit (range: 1-5), while controls had 1.37 (range: 1-4) (p = 0.59). The medication change types (new medication, discontinuation, and dose change) were similar between cases and controls. Of the studied case patient visits, 84 (20%) were determined to have ≥1 pharmacogenomicallyinfluenced medication change. The remaining 331 visits (80%) had ≥1 non-pharmacogenomically-influenced, or traditional, medication change.
Communication of pharmacogenomic results
Thirteen providers (72%) reported having discussed some genetic result with patients in the 6 months preceding study participation ( Supplementary Table 1 ). After study initiation, however, providers reported doing so on 93% of surveys, and 100% of providers stated this in their last completed survey (before analysis). This perhaps suggests continually increasing communication with patients about pharmacogenomics during the study.
Case patients also confirmed frequent discussions of genetics ( Table 2) . Case patients reported a discussion of a specific genetic test result surrounding a medication change at 24% of visits, while no controls reported this over the study period.
Patients with pharmacogenomically-influenced medication changes report discussions surrounding pharmacogenomics
We then specifically sought to assess whether there were differences between visits where patients had medication changes that were influenced by pharmacogenomic information and visits with only non-pharmacogenomicallyinfluenced medication changes. We observed that details of case visits with only non-pharmacogenomically-influenced medication changes were very similar to those of controls ( Fig. 1 ). Statistical analysis showed no significant differences between survey responses from these two groups. Hence, case patients with only nonpharmacogenomically-influenced medication changes and control patients were combined to form our "traditional medication change" group in subsequent analyses, for which results are displayed in Supplementary Table 2 . Most saliently, patients reported that their provider discussed individual prescribing factors with them at 88% of visits with a pharmacogenomically-influenced medication change, compared to only 55% of traditional medication change visits (OR = 10.1 [3.3-31.0], p < 0.0001). Genetics or DNA was discussed at 71% of pharmacogenomically-influenced Pharmacogenomically influenced medication changes were more often recalled than nonpharmacogenomically-influenced medication changes
Despite the fact that every patient who received a survey was objectively determined to have had a medication change at the clinic visit in question, not all patients recalled these medication changes. Overall, medication changes were recalled by patients (reported in the surveys) at 70% of the analyzed visits (no significant difference between cases and controls). Yet notably, in the group where pharmacogenomics influenced the medication change, ≥1 medication change was recalled from 86% of visits. On the contrary, medication changes were only recalled at 67% of traditional medication change visits (OR = 3.3 [1.6-6.7], p = 0.001) ( Fig. 2a ).
To further elucidate whether pharmacogenomics is a key driver of patients recalling medication changes, we next where patients reported discussions of specific topics, including "individual prescribing factors", "genetics/DNA", "specific genetic test results", and/or a "better prescribing decision" due to use of a specific genetic test result. For statistical comparison, case traditional medication change visits were combined with control medication change visits as there were no statistically significant differences between the two groups. This group was then compared to pharmacogenomically-influenced medication change visits. The "n" value represents the total number of visits analyzed for each question.
Patients who had pharmacogenomically-influenced medication changes significantly more often reported discussions of "individual prescribing factors" OR = 10. , p = 0.02) (Fig. 2b) . Moreover, we investigated single visits where case patients had both ≥1 pharmacogenomically-influenced medication change and ≥1 traditional medication change. This within-case, within-visit analysis aimed to account for the possibility that there could have been specific patient or provider factors that were responsible for the above differences exclusive of the presence or absence of pharmacogenomic information. The number of analyzed visits was 24. The total number of pharmacogenomically-influenced medication changes from these visits was 30, while the total number of traditional medication changes was 26. Importantly, and despite the small number of visits, medication changes were significantly more frequently remembered by patients when providers utilized pharmacogenomic information. Specifically, 67% of pharmacogenomically-influenced medication changes were recalled compared to only 39% of traditional medication changes (OR = 3.5 [1.0-11.6], p = 0.04). Finally, we assessed whether the degree of pharmacogenomic risk impacted the likelihood of This combined group was then compared to all visits with at least one pharmacogenomically-influenced medication change. The "n" value represents the number of visits analyzed in each group. Pharmacogenomically influenced medication changes were more often recalled compared to all non-pharmacogenomically-influenced medication changes (case traditional and control medication changes) (OR = 3.3 [1.6-6.7], p = 0.001). b A subset of case patients in the study had at least one pharmacogenomically-influenced medication change visit and at least one separate non-pharmacogenomicallyinfluenced (traditional) medication change visit. Medication change recall was examined for these patients' visits. The "n" value represents the number of visits analyzed in each group. Pharmacogenomically influenced medication changes were significantly more often recalled compared to non-pharmacogenomically-influenced medication changes (OR = 3.4 [1.2-9.3], p = 0.02) medication change recall. We found that the type of pharmacogenomic information displayed in GPS did not matter -89%, 91%, and 88% of medication changes for favorable, cautionary, and high-risk pharmacogenomic medications, respectively, were recalled (p = 1.0).
Provider-reported utility of pharmacogenomic results
Prior to pharmacogenomic results availability, two-thirds of providers stated that pharmacogenomic results had never changed their prescribing in the 6 months before study participation. After study initiation, however, 94% of providers reported that pharmacogenomics had changed their prescribing (p = 0.04) ( Supplementary Table 1 ). At individual clinic visits, providers also reported (on the experience survey) how pharmacogenomic information informed prescribing. Providers most frequently stated that pharmacogenomic information helped them make a more informed therapeutic decision (86% of instances where pharmacogenomic results guided prescribing) and simultaneously reported that the given pharmacogenomic results increased the likelihood that their patient would respond favorably to treatment (68% of instances) and helped choose a therapy from multiple options (50%) (Fig. 3 ).
Provider perceived knowledge of pharmacogenomics changes over time
As we discovered that pharmacogenomic result availability was associated with an unexpected benefit to patients (increased medication change recall), we sought to assess personal benefits that implementation may have for providers. Before study participation, only 61% of providers reported feeling informed about pharmacogenomics. When asked post-study participation, 94% of providers felt at least somewhat informed (p = 0.04) (Fig. 4) . This perhaps suggests providers learn about pharmacogenomics simply by being provided patient-specific results and utilizing pharmacogenomics in their clinics. Notably, and likely explaining this finding, providers often stated that their primary source of pharmacogenomic educational information was the provided study materials (47% of the time).
Discussion
In this study, we found that when pharmacogenomic results were available via our implementation program, providers reported having frequent discussions of pharmacogenomic test results with patients, which patients almost always Fig. 3 Provider reported utility of pharmacogenomic information to guide prescribing. At visits where pharmacogenomic information influenced prescribing (as determined by independent assessment [12] , n = 57 clinic visits), providers most frequently stated, on the provider experience survey, that pharmacogenomic information helped them to make a more informed therapeutic decision (cited for 86.0% of instances where a pharmacogenomic result guided prescribing), yet they simultaneously also reported that the given pharmacogenomic results increased the likelihood that their patient would respond favorably to treatment (68.2% of instances), helped choose a therapy from multiple options (50.0%), reduced the likelihood that their patient will experience an adverse reaction (27.3%), reinforced an originally intended prescribing decision (22.7%), and helped select a specific dose (15.9%). Providers could choose more than one response for each visit. Bars represent the number of times the response was chosen as a percentage of the total number of surveys on which the question was answered. *Out of 761 total experience surveys sent for visits at which pharmacogenomic results were accessed, 395 (51.9%) were returned. Seventeen of the 18 study providers returned ≥1 experience survey (median surveys returned/provider: 15, range 0-77) recalled. Importantly, communication surrounding pharmacogenomically-informed prescribing remained robust throughout the nearly 5 years of study follow-up, with both patients and providers reporting recurring discussions about pharmacogenomics. In fact, providers increasingly reported discussions as the study progressed, arguing against the idea that initial novelty of pharmacogenomic results was the cause. Moreover, when pharmacogenomic results guided a provider's prescribing decision, patients were much more likely to recall those medication changes than medication changes at visits where decisions were not guided by pharmacogenomic information, and patients were 10 times more likely at those visits to report discussions of individual prescribing factors. These findings demonstrate that available pharmacogenomic results lead to unique doctor-patient communication about prescription decision-making that results in dramatically strengthened recollections of treatment guidance by the patient. To our knowledge, this is the first study to prospectively assess both patient-and provider-reported communications in the context of broad preemptive pharmacogenomic testing and the first to demonstrate that medication recall rates can be positively influenced by the clinical use of pharmacogenomics.
Previous literature has shown that providers face practical barriers when communicating genomic test results, including varying levels of patient health literacy and suboptimal provider knowledge about genetics [15, 26, 27] . Providers have, indeed, voiced concerns surrounding the communication of pharmacogenomic results, including debates about which healthcare professionals should ultimately bear the responsibility [28, 29] . In our study, providers reported feeling significantly more informed about pharmacogenomics simply by being exposed to patient results, suggesting that providers can learn genomics via patient-based exposure. As direct-to-consumer genetic testing is becoming more widespread, our findings support the idea that providers, even without formal genomics training, will learn how to successfully handle such results with increasing exposure. We also anticipate that the role of the pharmacist in pharmacogenomic implementation programs will further positively impact within-provider communication about and understanding of results, and we have recently begun studying this additional question in one of our ongoing implementation projects (clinicaltrials.gov #NCT03225820). From the patients' perspectives, we found it promising that when pharmacogenomic results influenced medication decision-making, patients significantly more often reported recalling discussions of personalized prescribing, genetics/DNA, and specific genetic test results, suggesting frequent patient-provider communication about these topics during prescribing. As the average age of patient participants in our study neared the Medicareeligible age, these findings may prove especially important for the medical management of an older population, considering the oftentimes higher number of medications taken by those patients.
We believe these findings could be particularly important in the context of prescribing because a patient's ability to recall details of medication recommendations is critical for adherence [30] . Previous research has indeed shown that the likelihood of adhering to medications was higher among patients who recalled a physician recommendation compared to those who did not [31] . While a limited number of prior studies have suggested that pharmacogenomics can positively impact medication adherence [17] [18] [19] [20] , our study is the first, to our knowledge, to examine direct patientprovider communications surrounding pharmacogenomic results and the resulting impact on medication change recall.
Others have suggested that patients who learn their pharmacogenomic results may have increased perceived efficacy about prescribed medications and/or decreased anxiety surrounding potential side effects [17] . We believe this to be one potential reason that our patients who had pharmacogenomically-influenced medication changes recalled those medication decisions more often than Fig. 4 Provider change in self-reported knowledge of pharmacogenomics during implementation. Two provider repeated interval surveys from each of the study providers were included in this analysis-the baseline survey (prior to availability of the Genomic Prescribing System [GPS] for clinical use) and the last completed survey (after each provider had access to GPS for at least 6 months). At baseline, 61.1% of providers reported feeling at least somewhat informed about pharmacogenomics. When asked the same question post-study participation, 94.4% of providers felt at least somewhat informed (p = 0.04). For statistical purposes, "very well-informed" and "somewhat informed" were combined and compared to the combined "somewhat under-informed" and "very under-informed" using McNemar's test. *Each provider completed a baseline repeated interval survey and ≥1 post-GPS implementation repeated interval survey. Out of 106 total surveys distributed, 76 (71.7%) were returned (median surveys returned/provider: 4, range [2] [3] [4] [5] [6] [7] [8] traditional medication changes, as our providers often directly shared pharmacogenomic results with patients. However, the simple presence of genomic results-results that personify the ideal of "individualized care" that patients seek from providers-may also have facilitated discussions of precision medicine in a way that allowed the patient to become more actively involved in their healthcare. These results are consistent with our prior findings, which showed higher patient-reported scores of their providers surrounding empathy, medical decision-making, and personalized care when pharmacogenomic results were accessed [12] .
Consideration of genetic results may not need to occur in-person. Charland et al. [20] reported increased statin adherence when pharmacogenomic results were delivered to patients via mail, meaning that considerations (and possibly discussions) of results could occur outside of the traditional clinic visit, through other forms of communication. It is even possible that what matters is additional communication (whether about genomics, or not), or more broadly the promotion of resources that increase patient education or patients' active participation in their healthcare [32] .
Our study had limitations. This study was completed at one institution and included patients cared for by providers who were actively interested in pharmacogenomics. However, our baseline providers' knowledge about pharmacogenomics was modest, mirroring the characteristics of >10,000 general US physicians [21, 33] . The fact that only 18 providers were selected to participate is acknowledged, but provider "spillover" effects in this case patient-control patient study would have tended to reduce detectable between-patient-cohort differences. We also recognize that over one-third of patients in the study completed graduate school (a level of education that is higher than that of the average US population), which may potentially hinder the generalizability of our results. It is acknowledged that cases and controls were not randomized. It therefore remains possible that inherent, undetected differences between the two groups existed. The magnitude of any such effect, however, is likely small, as our within-group analyses showed the same results as the overall cohort comparison. We acknowledge that providers were permitted to order separate pharmacogenomic testing outside of the study, although our data suggest that this occurred very infrequently, only in a small minority of providers, and was restricted to a small list of disease-based specialty tests (e.g., TPMT phenotyping in gastroenterology). Further, medication recall was assessed shortly after (within a week of) the clinic visit in most cases. Assessing recall at a later time point may show different results. We also cannot rule-out the possibility that similar increases in medication change recall would be accomplished through other, non-genomicfocused prescription teaching interventions (i.e., it is possible that beneficial effects on recall might also be achieved by any intervention that focuses doctor-patient discussions on prescribing rationale). Finally, we did not directly measure adherence. Therefore, we can only conclude that discussions of pharmacogenomic results impacted recall of medication changes.
In conclusion, both patients and providers reported that genomic information was often discussed when pharmacogenomic results were available to guide medication decisions. This bidirectional assessment of patient-provider prescribing communications revealed that pharmacogenomically-influenced medication changes were recalled by patients significantly more frequently than medication changes that were not influenced by pharmacogenomic results. Additionally, providers reported increased knowledge of pharmacogenomics simply by incorporating patient-specific results into their decision-making calculus. These findings represent important, previously unrecognized benefits to the clinical use of pharmacogenomics.
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